Different proprietary repair materials and a CEM II mortar were used to characterise the relationship between the main parameters of microwave curing (power, curing time, temperature rise and volume). The time-temperature-power relationships are linear for normal, non-rapid setting repair materials cured within the recommended temperature range taking account of temperature variation and heat of hydration. A general relationship between the microwave curing parameters of power, temperature rise, curing time and repair volume has been derived. It has been used to design and operate a prototype system. Steel reinforcement in the repair remains free from arcing under microwave exposure.
Introduction
Reinforced and pre-stressed concrete has been used at a massive scale for the construction of infrastructure in the last century with the secure assumption of its lasting durability. While the large majority of concrete construction is durable, repair is increasingly needed due to various concrete degradation mechanisms, abnormal loading or poor workmanship.
According to CONREPNET [1] more than 50% of Europe's annual construction budget is spent on rehabilitation and refurbishment projects including the repair of deteriorated concrete structures. In the United States the annual cost of repair, strengthening and protection of concrete structures is between $18 and $21 billion [2] .
Concrete repair can be applied either to provide structural strengthening or to protect the durability of a structure. Patch repair is perhaps the most common type of concrete repair. It can be defined as the repair of relatively small areas in large surfaces such as bridge and car park decks, bridge piers and shear walls in buildings. Emmons [3] provides detailed information on the various stages of a typical patch repair scheme.
Selection of suitable repair materials and their proper curing is of great importance in minimising restrained shrinkage and ensuring the long-term durability of patch repairs.
Differential shrinkage of the repair patch relative to the substrate is the most common cause of cracking and failure of patch repairs. Under normal curing conditions, it may take 24 hours or more for OPC based repair materials to set and it may take several days before sufficient compressive strength is developed to carry the applied loads [4] . Under more extreme conditions such as repair application in cold weather, strength development may be compromised. Accelerating the curing process by applying heat or using admixtures can be beneficial in these situations. Rapid compressive strength development is also desirable when repairing localised damage in bridge decks or runways, such as potholes, areas damaged by heavily corroded reinforcement or severely delaminated areas. A compressive strength of approximately 14 MPa should be achieved for a road to be re-opened [5] . A correspondingly strong bond between the substrate and the repair patch is also critically important to provide durable repairs.
The rate of compressive strength development in OPC concrete can be increased by the application of thermal energy [6] . Thermal curing of concrete repair patches is often used in cold weather to prevent damage caused by freezing temperatures and to accelerate the repair process. Thermal curing can also be used in more general conditions to accelerate the hardening of repair patches for rapid opening of roads to traffic. The heating methods commonly adopted use open flame heaters or provide heating enclosures around the repaired area. These methods are inefficient and waste energy relative to microwave curing. They provide non-uniform heat through convection to the patch repair with high temperature at the surface and significant temperature gradients into the repair patch. The effect of such curing is damaging to the homogeneity and quality of hydration products. Rapid hydration caused by high temperature produces very fine C-S-H gel surrounded by unhydrates which hinder further hydration and can cause a reduction in long term strength development [7] . Non uniform heating also produces differential thermal strains causing microcracking which reduces the durability of the patch repair. Thermal blankets based on a conductive polymer technology have been developed [8] , which transfer heat from the surface into a repair patch with the associated disadvantage of non-uniform heat transfer by convection. The technology is expensive and cumbersome to use on site.
The application of microwave curing on site will introduce new technology in the construction industry to replace inefficient current practices with more effective and economical methods. It will contribute to the introduction of automation in the repair sector through robotic controlled microwave curing systems. The industrial prototype developed in the MCure project of the European Commission FP7 programme (see acknowledgements)
incorporates such technology which will be further enhanced in the next stage of industrial system production. Health and safety issues on site have been rigorously addressed in the project and the industrial systems will have European regulatory certification.
The development of a microwave heating system to provide early age curing to concrete repair patches has the potential to revolutionise the concrete repair industry by transforming the efficiency and economics of thermal curing. Its effectiveness for cold weather curing will prevent disruption to construction activity in winter, which will have a major economic impact by allowing continued construction activity during winter. Microwave heating is more economical than the thermal curing methods currently used on site such as open flame heaters with or without an enclosure around a repaired area. The energy use and CO 2 emission will also be lower. It has also the potential of reducing the use of expensive and environmentally undesirable chemical admixtures in proprietary repair formulations to accelerate curing.
Thermal curing, including microwave curing, leads to higher strength at early age which allows rapid progress of repair work. There is a reduction in long term strength, values of up to 20% and 6.75% have been reported for conventional thermal curing [6, 9] and microwave curing [10] , respectively. However, the early age strength and the repair-substrate interfacial bond strength are the important properties required for a durable repair that can be applied rapidly. Long term strength is of secondary importance as long as it satisfies the specified requirement. Microwave curing delivers on the requirements of early age compressive strength and long term bond strength [10] .
Microwave heating, which is based on dissipation of internal energy due to the excitation of molecular dipoles when exposed to an electromagnetic field, is an economical method of providing a higher rate of temperature increase [4] and more uniform heating than the traditional heating methods [11] . Hence, a much shorter exposure time (typically less than 60 minutes) is required for microwave curing to achieve high early age compressive strength [9] .
Various studies [4, 9, 12-17] on microwave curing of OPC mortars made with different w/c ratios have confirmed the ability of microwave curing to significantly increase early age strength.
This paper provides a scientific framework on microwave curing of in-situ concrete repairs for the FP7 MCure project on the development of an energy efficient system for accelerated curing during repair of concrete structures. It is the first of a series of papers defining the relationship between microwave curing and the primary characteristics of concrete repairs. It derives relationships between the key parameters of concrete repair and microwave energy input. These results were used in developing and operating the prototype of a mobile microwave curing system for onsite use, which is compatible with EC standards.
Experimental Procedure

Materials and equipment
Microwave curing investigation was carried out on the following commercial repair materials:
Repair Material 1: A polymer-modified cement mortar, fibre-reinforced and shrinkagecompensated. Density of the fresh mix was 1730 kg/m 3 .
Repair Material 2:
A polymer-modified rapid-setting cement mortar and fibre-reinforced.
Density of the fresh mix was 2140 kg/m 3 .
Repair Material 3:
A polymer-modified cement mortar, fibre-reinforced and shrinkagecompensated. Density of the fresh mix was 2280 kg/m 3 .
Repair Material 4:
A rapid hardening cement concrete with pulverised fuel ash and shrinkage-compensated. Density of the fresh mix was 2260 kg/m 3 .
Repair Material 5:
A polymer-modified cement mortar and fibre-reinforced. Density of fresh mix was 1500 kg/m 3 .
Repair Material 6:
A polymer-modified cement, rapid setting concrete. Density of fresh mix was 2200 kg/m 3 .
Repair Material 7:
A mortar with CEM II/A-L 32.5 N cement [18] , coarse sharp sand (50% passing a 600 m sieve) and w/c ratio of 0.5. Density of fresh mix was 2200 kg/m 3 .
Two commercial microwave ovens were used, a Logik Model L25MDM13 with a maximum nominal output power of 900 Watts (manufacturer's specification) and a Sharp
Model R-2370 with a maximum nominal output power of 1300 Watts (manufacturer's specification). Both microwave ovens could be set to generate power at incremental levels of 10% up to 100% of their maximum output. The microwave frequency for both ovens is 2.45
GHz. The microwave ovens were calibrated [11] Details of all repair material mixes are given in Table 1 . The mix proportions recommended by the manufacturers of each repair material were used. The quantity of each repair material and water, given in Table 1 , was mixed together in a Hobart mixer to produce the required volume of mix for the cube mould. Each mix was cast in the cube mould and compacted on a and 45 minutes from the start of microwave curing using a Flir i7 thermal camera. 
Repair material specimens for internal temperature monitoring
Internal temperatures during 1169 minutes after microwave curing were recorded using thermocouples. Four T type thermocouples were located inside the 150 mm cube moulds as shown in Fig. 1 and the repair material was cast around them. The thermocouples were 8 located at 37.5, 75, 112.5 and 150 mm from the top surface of the specimens along the vertical centroidal axis. Temperature measurements were taken every 30 seconds using a Data Taker DT85G digital logger. Details of the two repair material mixes used for this investigation are given in Table 2 . 
Repair material specimens for investigating the effect of ambient (initial) temperature on microwave curing temperature
The effect of different ambient temperatures of the fresh mix of a repair material on the microwave curing temperatures developed with time was investigated [11] . The investigation simulated the application of repairs in different in-situ conditions including cold weather. The constituent materials of each mix were conditioned and mixed at three different ambient temperature ranges: very low (1.7-6. 
Steel reinforced mortar specimens for investigating safety of microwave curing
Long and pointed metallic objects or very thin metal strips when placed in a microwave oven act as an antenna and reflect the microwave energy. At high levels of microwave power this can create electric arcs (sparks) which can increase the temperature of its magnetron.
This can reduce the life of the magnetron. An investigation of the safety of microwave curing was carried out on specimens cast with 1, 2 or 3 steel bars placed horizontally along the entire length of the 100 mm cube as shown in Fig. 2a . Details of all steel reinforced mortar mixes are given in Table 3 . The total length of each steel bar was 140 mm to cover the cube length A quantity of CEM II cement [18] , sharp coarse sand and water (w/c ratio of 0.5) were mixed together to produce a 1 litre mix for the cube mould. Each cube was cast and compacted on a vibrating table and kept in the laboratory environment (approximately 20 o C, 60% RH) for 30 minutes after commencing mixing. After 30 minutes of pre-curing in the laboratory, the cube moulds were placed in the microwave oven and cured for either 45 or 15 minutes at powers ranging from 60 to 420 Watts (Table 3) . The temperature at the mid-point of the top surface of the cube was measured at the end of microwave curing (maximum temperature) using a Flir i7 thermal camera. 
Results and Discussion
Temperature distribution
Significant variations of top surface temperature were observed during microwave curing of all specimens of Series 1, 2 and 3, Table 1 The linear relationships of the type shown in Fig. 6 would be applicable to most practical insitu microwave curing situations where the maximum temperature remains below the recommended limit [11] . The industrial microwave curing system developed in this project will be based on this type of relationship. 
Volume-temperature relationship
The thermodynamic formula for absorbed microwave power P abs relates the volume V and temperature rise as follows [21] (1)
where, P abs is the microwave power Eq. 1 is re-written in the form (2) where, very high temperatures which would not be used in practice and had set before the end of microwave curing (Fig. 7) . A linear relationship was observed between  and microwave power in all cases. A typical graph showing the relationships between microwave power and slope  for four repair materials (1 litre volume) is shown in Fig. 9 . This relationship will provide an important input to the automatic control algorithm developed for the operation of the microwave curing prototype of the MCure project. 
General relationship between microwave curing parameters of repair materials
The basic parameters of microwave curing which are Power, Time and Volume are related to the temperature rise provided by microwave curing as shown in Fig. 10 . The data in Fig. 10 represent all tests listed in Table 1 for repair materials 1, 3 and 4 and volumes of cubes 1, 3.38 and 4.38 L. The best fit relationship in Fig. 10 is given by the equation:
where, T is the temperature rise due to microwave curing ( o C); P is the microwave power (W); t is the duration of microwave curing (s); V is the volume of the repair material (dm 3 ).
Eq. 4 has been used to design the microwave curing prototype rig for the MCure project. It was used to calculate the maximum power rating required of the prototype to deliver the specified range of parameters , t and V required for in-situ curing of scaled up repair elements [22] . The parameters T and t were also specified on the basis of the results reported in the paper. Scaled up field trials on the MCure prototype proved that its design delivered the specified parameters [22] . The acceleration of heat hydration with microwave curing observed in Fig. 11 and Fig. 12 agrees with the results of Theo et al. [24] for microwave cured precast ferrocement roofing The results discussed above show that both the microwave curing temperature and the heat of hydration contribute to the maximum temperature developed in the concrete volume within a short period after the end of microwave curing. In practice, the maximum temperature during this period should remain below the limit which affects durability [6] and the maximum temperature used for microwave curing should reflect this. Fig. 12 shows that the top surface mid-point temperatures measured by the thermal camera closely follow the internal temperatures (thermocouple readings) developed during the 45 minutes of microwave curing. Thereafter the internal temperatures are higher due to the accelerated heat of hydration. The hot spots developed at the edges of the cube specimens get significantly hotter (Fig. 12 , thermal camera, top surface hot spot) but their temperature drops immediately at the end of microwave curing to the level of mid-point surface temperature. 
Permissible Microwave Curing Temperature
The maximum temperature of 79 o C reached at the peak of hydration (Fig. 12) is excessive from the considerations of long-term durability [6] . Curing of concrete at temperatures exceeding about 70 o C can lead to durability problems such as delayed ettringite formation and loss of long-term strength [6] . Therefore, limits need to be set to the maximum microwave curing temperature for in-situ curing, taking account of the heat of hydration and The temperatures at the hot spots reported in this paper are likely to have been exaggerated by the edge effects of the polystyrene moulds. More accurate information will be obtained from the larger scale trials to be carried out with the microwave curing prototype. In addition, the prototype will adopt a magnetron of higher specifications, which will provide more uniform heating. Consequently, the value of   is likely to be small. Most concrete repairs are relatively small (thin) and, therefore, their volume will not cause excessive heat of hydration.
The acceleration of hydration by microwave curing, however, can lead to high temperature before the repair hardens thereby raising durability concerns. 3.8. Effect of ambient temperature on the microwave curing temperature A summary of results which include the temperature rise T, the rate of temperature increase (dT/dt) and maximum temperature after microwave curing for 45 minutes at 132
Watts, is given in Table 4 for all repair materials prepared at different ambient temperatures. Table 4 ). The graphs are typical of repair materials 1, 3, 4 and 5 (Table 4) which show a linear increase in temperature with time.
The results in Table 4 However, this trend is reversed for repair Material 5 which heats more rapidly at higher ambient temperatures (see Fig. 5 ). 
Effect of steel reinforcement
No sparks or arcing was observed during microwave curing of all steel reinforced cube specimens. Typical temperature distributions of a plain (control at 120 Watts), a mild steel reinforced (3 steel bars, 10 mm diameter, 25 mm cover at 120 Watts) and a mild steel reinforced (3 protruding steel bars, 6 mm diameter, 5mm cover at 420 Watts) specimen are shown in Fig. 14a-c The above results are provided to allay health and equipment safety concerns. The effects of microwave curing on the bond strength of the steel reinforcement were also investigated, which will be reported in another paper. 
Conclusions
The following conclusions can be drawn from the results presented in the paper:  Microwave curing is suitable for normal, non-rapid setting repair materials which are not cured to excessively high temperatures. The cumulative total of the microwave curing and the heat of hydration temperatures of the fresh material should be kept below the limit set by durability considerations.  The presence of steel reinforcement in repair mortar does not cause any arcing during microwave curing. This also applies to steel located at very low cover (5 mm) and to exposed steel bars protruding from the mortar surface.
